Current estimates of harp seal (Phoca groenlandica) abundance indicate that the total population size in eastern Canada in 1994 was approximately 4.8 million (95% C.I. 4.1-5.0 million) animals. To estimate the consumption of important fish prey by harp seals off the coast of Newfoundland and in the Gulf of St. Lawrence, a model incorporating agespecific estimates of energy requirements, population size, seasonal distribution and diets was developed. Total annual prey consumption increased from 3.6 million to 6.9 million tons between 1981 and 1994. The proportions of prey obtained in the Arctic and eastern Newfoundland/southern Labrador areas were 46% and 40%, respectively, while 14% was consumed in the Gulf of St. Lawrence. Arctic cod (Boreogadus saida) and capelin (Mallotus villosus) were the major prey off eastern Newfoundland while capelin was the most important in the Gulf. Based on an average diet, harp seals consumed an estimated total of 2.8 million tons, including 1.2 million tons (95% C.I. 735 000-1.7 million) of Arctic cod, 620 000 tons (95% C.I. 288 000-1.0 million) of capelin and 88 000 tons (95% C.I. 46 000-140 000) of Atlantic cod (Gadus morhua) off the eastern coast of Newfoundland in 1994. In the Gulf, harp seals consumed an estimated 445 000 tons (95% C.I. 208 000-727 000) of capelin, 20 000 tons (95% C.I. 0-48 000) of Arctic cod, and 54 000 tons (95% C.I. 14 000-102 000) of Atlantic cod out of a total of 961 000 tons of prey. Incorporating seasonal, geographic and annual variations in the diet provided additional information on trends in consumption. Basic assumptions of the model were varied to assess its sensitivity. Changes in the energetic costs of activity and growth, abundance, residency period, or the proportion of energy obtained from offshore areas can affect estimates of total consumption significantly.
Introduction
Harp seals (Phoca groenlandica) are a migratory species found throughout the North Atlantic where they feed upon a variety of fish and invertebrate species (Sergeant, 1973 (Sergeant, , 1991 Smith et al., 1979; Beck et al., 1993; Lawson and Stenson, 1995, in press; Kapel, 1995; . Recent studies indicate that their numbers have been increasing in the Northwest Atlantic since the early 1970s and were in the order of 4.5-4.8 million in 1994 (Shelton et al., 1996) . The impact of this abundant predator on commercial fish stocks off the Atlantic coast of Canada is unknown. Before a possible impact can be assessed, however, the total amount of each of these prey species consumed must be estimated.
Consumption of fish by marine mammal predators has been estimated by a number of authors using bioenergetic models (Øritsland and Markussen, 1990; Ryg and Øritsland, 1991; Markussen and Øritsland, 1991; Olesiuk, 1993; Hammill and Mohn, MS 1994; Mohn and Bowen, 1996; Nordøy et al., 1995a,b) . These models assume that the amount of prey consumed is equal to the energy requirements of the predators. The energy requirements of individual seals are first estimated and then extrapolated to the entire population. The proportion of energy obtained from various prey species and the amount consumed is then estimated using information on the seasonal distribution of seals, the composition of their diet in various areas, and the energy content of the prey.
Although the general migratory pattern has been determined from marine mammal surveys, catch records, aerial observations and anecdotal sightings (Sergeant, 1965 (Sergeant, , 1991 Stenson and Kavanagh, 1993; Stenson, Northwest Atlantic Fisheries Center, St. John's, Canada, unpubl . data), detailed knowledge of the seasonal distribution of harp seals in the Northwest Atlantic is limited. Generally, they spend the summer in Arctic waters, primarily the Canadian Arctic and West Greenland, and migrate southward in the late autumn (Fig. 1 ). When they reach the Strait of Belle Isle, some seals remain off the east coast of Newfoundland while others move into the Gulf of St. Lawrence. They form large whelping concentrations in late February/early March off southern Labrador or near the Magdalen Islands in the Gulf of St. Lawrence. Following breeding, seals disperse briefly. From mid April to mid May they congregate into large moulting concentrations and after the moult they eventually migrate northward. The timing of the migrations appears to be variable and may be influenced by prey availability, ice cover, or water temperature.
Traditionally, harp seals were considered to be primarily a nearshore species (e.g. Sergeant, 1991) . However, this was based on information such as catch statistics and tag returns that were biased towards nearshore areas. Recent studies indicate that harp seals are also present in offshore waters (Stenson and Kavanagh, 1993; Stenson and Sjare, MS 1997) where they have been observed distributed across the southern Labrador Shelf and Grand Banks out to the 400 m depth contour during the spring and winter. However, the proportion of the population present in these areas has not been estimated.
The objective of this study was to estimate total prey consumption by harp seals in the Northwest Atlantic from 1981 to 1994 using a bioenergetics model. In addition, we estimated the amount of Arctic cod (Boreogadus saida), capelin (Mallotus villosus) and Atlantic cod (Gadus morhua) consumed by harp seals in the waters off eastern Newfoundland south of 55°N and in the Gulf of St. Lawrence. To illustrate the sensitivity of the results to the basic parameters used in the model, consumption estimates were compared using different assumptions of population size, energy requirements for activity and growth, seasonal distribution, and annual, seasonal and geographic variation in the diet.
Materials and Methods

Model Inputs
Abundance. Shelton et al. (1996) presented estimates of numbers-at-age for Northwest Atlantic harp seals from 1955 to 1994 (Fig. 2) . Under the assumption that mortality was constant for all age groups, the model used for these estimates indicated that the population declined from an estimated 2.8 million seals in 1955 to approximately 1.8 in the early-1970s. Since then it has increased, from approximately 2.5 million in 1981 to approximately 4.8 million (range 4.1-5.0) in 1994. This population trajectory was used in the initial run of the model.
In a second run of the model, Shelton et al. (1996) assumed that pup mortality was greater than that of older seals. The resulting population was lower, reaching an estimated 4.5 million in 1994 (Fig. 1) . To determine the importance of population size, consumption in southern Atlantic waters (Gulf Fig. 2 . Estimated abundance of Northwest Atlantic harp seals assuming pup mortality is equal to that of adults ( ) or three times that of adults ( ). From Shelton et al. (1996) .
of St. Lawrence and eastern Newfoundland) was also estimated using the lower population estimate.
Seasonal distribution. In this study, the Northwest Atlantic was divided into three regions and the proportion of energy obtained from each one was estimated using the proportion of time assumed to be spent in each region. The area north of Hamilton Bank (55°N; Fig. 2 The total annual energy required by adults (animals older than four years of age) and pups or juveniles (aged one to four years) was divided into two seasons (October-March and April-September), roughly corresponding to the periods of primarily southern and northern distribution. For each season, the proportions of the total energy requirements obtained from each of three areas (eastern Newfoundland, Gulf of St. Lawrence, and Arctic; Table 1) were estimated assuming that: a) harp seals enter the area south of 55°N 15
November and leave 15 June (212 days).
b) 20% of juveniles and pups remain in the Arctic throughout the year (Anon., 1986; Kapel, 1982; Larsen, MS 1985) . c) 25% of the population is present in the Gulf of St. Lawrence between 1 December and 31 May.
d) 5% of the seals remain in the study area throughout the year; 25% of these seals stay in the Gulf while 75% stay off eastern Newfoundland.
In recent years, seals have been reported to arrive along the coast of Newfoundland earlier in the autumn and to remain longer before migrating northward. To estimate the importance of a longer residency time, in an alternative run of the model was used to estimate Newfoundland and Gulf of St. Lawrence consumption after increasing the residency period in southern areas (south of 55 o N) by one month (1 November-30 June).
Energy Requirements. Energy requirements were assumed to be constant throughout the year. Age-specific energy requirements were calculated using an allometric relationship linked to mass-atage based on Kleiber (1975) . Corrections for the additional energy requirements associated with activity and growth of juveniles were included:
where GEI is the average daily gross energy intake, i is the age group, GP is the increased energy required for young animals, AF is the activity factor, BM is the mean body mass for age group (kg), and ME is the proportion of gross energy intake available to the animal.
The body mass (BM) was based on measurements obtained from seals collected during April 1979-94 ( Table 2 ). The proportion of energy contained in the food which is available to the animal (ME) has been estimated to be 0.85-0.88 for juvenile harp seals fed herring , 0.83 for grey seals and 0.827 for April, 1979 -94 (Chabot et al., 1996 . This sample includes only seals for which total body mass were available. (Ryg and Øritsland, 1991) . Based upon the composition of the diet of harp seals in Newfoundland Lawson and Stenson,1997) , and a weighted average of digestive efficiencies for various prey (Lawson et al., , 1998 , an estimated ME of 0.83 was assumed for the model.
Studies of the energy requirements of captive and wild seals indicate that the estimates of the average daily energy requirements vary between 1.7 and 3 times the basal metabolic rate estimated from body mass (Worthy, 1990 ). An AF of 2 was chosen to approximate the energy requirements of freeranging seals. To investigate the importance of this assumption, total Newfoundland and Gulf of St. Lawrence consumption was also estimated using an AF of 2.5. The increased energy required by younger animals primarily for growth (GP), was applied to the metabolic calculations based on estimates obtained from Øritsland and Markussen (1990;  Table 3 ). The influence of this assumption was examined by estimating Newfoundland and Gulf of St. Lawrence consumption using the slightly lower energy costs for young animals proposed by Olesiuk (1993) for harbour seals (Table 3) .
Composition of Harp Seal Diets. The species composition of the diet was determined by identifying hard parts in the stomachs of seals. The proportions of each prey species consumed was esti- mated by reconstructing the wet weights of the prey ingested using either undigested remains or species specific weight/otolith regressions (for examples see Murie and Lavigne, 1991; Beck et al., 1993; Stenson, 1995, 1997) .
The average proportion of Arctic cod, capelin and Atlantic cod and the mean energy density of the prey in the diet of harp seals feeding in the Gulf of St. Lawrence were estimated from five samples of stomach contents (Table 4) . Two small samples were collected from the St. Lawrence Estuary in w i n t e r ( J a n u a r y -F e b r u a r y 1 9 8 3 ; M u r i e a n d Lavigne, 1991) and spring (April 1988-90; Beck et al., 1993) , while a third, larger, sample was collected during the breeding period around the Magdalen Islands (Beck et al., 1993) . The two remaining samples were from seals collected along the west and southwest coasts of Newfoundland ; Memorial University of Newfoundland, St. John's, Canada, unpubl. data), primarily between 1985 and 1993.
A greater amount of data was available on the diet of harp seals feeding in the waters off southern Labrador and eastern Newfoundland. In this area, stomach collections were carried out annually between 1981 and 1994 Stenson, 1995, 1997; . Samples were collected in all months, with the majority taken between November and June. The majority of samples were taken in nearshore areas, but in recent years (1992-94) samples were also obtained from offshore areas (>100 km from shore), primarily along the northern edge of the Grand Banks during winter and on the bank during the spring. The proportion of stomachs containing a particular prey item (prevalence) was estimated for all years. For the years 1982, 1986 and 1990-94 , the contribution of each prey species to the diet was estimated by reconstructing the wet weights of prey ingested. Since the diet of harp seals off eastern Newfoundland varies annually, seasonally and geographically , the data were divided into two seasons (winter: October-March and summer: AprilSeptember), and into nearshore and offshore components (Table 5 ). Annual estimates of the diet were available during both seasons for the nearshore component. However, due to small samples sizes, the offshore component was pooled across years and a single diet for each season used for all years. The average diet of harp seals in eastern Newfoundland was estimated by averaging the proportion of Arctic cod, capelin, Atlantic cod, and the mean energy density of the prey, from these 14 (12 nearshore, 2 offshore) samples.
For the initial run of the model, average diets for the Gulf of St. Lawrence and eastern Newfoundland were applied to all years and seasons (Table  6 ). To estimate the variance associated with the proportion of each prey type in the diet and the energy density of the prey, the 95% confidence limits were approximated using a bootstrapping procedure in which the possible diets (14 for eastern Newfoundland and 5 for the Gulf of St. Lawrence) were resampled with replacement 1 000 times. (Efron, 1982; Efron and Tibshirani, 1993) .
To illustrate the importance of annual, seasonal and geographic variations in the diet, the proportion of each species present in the 14 diet samples for which reconstructed weights were available (Table 5) , were used in model separately. The proportion of prey in the nearshore diet for years for which reconstructed wet weights were not available (1981, were estimated using prey-specific regressions of prevalence and wet weight calculated by using data from the six years for which both were available (Table 7) . Due to variance around the regression, the total weight estimates for Atlantic cod, capelin and Arctic cod were occasionally greater than 100%. To correct for this problem, all weight percentages were adjusted so that the total weight accounted for by these three species was equal to the mean values for the appropriate season (summer: mean = 72.5%, SE = 4.2 and winter: mean = 84.17%, SE = 2.04). The regression-derived estimates of wet weight of the three prey species are summarised in Table 8 .
In order to incorporate geographical variation the diet, the proportion of the total annual energy intake in different areas must be estimated. Since our understanding of the seasonal distribution of harp seals is too limited to determine this, it was assumed that the amount of energy obtained from areas represented by the nearshore or offshore diets were equal.
Consumption Estimates
Total consumption of prey in each of the three areas (Arctic, eastern Newfoundland and Gulf of St. Lawrence) was estimated using the parameters described above. Studies of the diet of harp seals in Arctic areas indicate that Arctic cod, capelin, and pelagic crustaceans were important prey species (Smith et al., 1979; Kapel, 1995) . Since this is similar to the diet observed in eastern Newfoundland, The consumption of individual prey species was estimated using the average proportion of each species in the diet. An estimate of the variance associated with the proportion of each species present was obtained by bootstrapping as explained above.
To estimate the sensitivity of the model to basic parameters, individual parameters were varied as described above and seal consumption in southern (eastern Newfoundland and Gulf of St. Lawrence) waters calculated. The parameters used in the initial and alternative runs are summarised in Table 9 .
Results
Total Consumption
Total prey consumption by harp seals in the Northwest Atlantic was estimated to have increased from 3.6 million tons in 1981 to 6.9 million tons in 1994 (Fig. 3) . The proportions of prey obtained in the Arctic and eastern Newfoundland areas were comparable (46% and 40%, respectively) while the Gulf of St. Lawrence accounted for 14% of the annual consumption. The amount of prey consumed in the southern areas almost doubled over the study period, rising from 1.45 to 2.79 million tons in eastern Newfoundland waters and from 498 000 to 960 000 tons in the Gulf of St. Lawrence. These estimates of consumption were sensitive to changes in the model assumptions. Of those examined, the largest change occurred by altering the energetic cost of swimming and other normal activities. Increasing AF by 25% from 2 to 2.5 resulted in a 25% increase in the energy required and, since the amount consumed was based upon the total energy required, a 25% increase in the estimated prey consumed (Fig. 4, Table 9 ). Smaller changes in the amount of prey consumed occurred when the population model and GP were changed. Using the numbers-at-age derived from the population model Fig. 3 . Estimated prey consumption by harp seals in the Arctic ( ) eastern Newfoundland (v), Gulf of St. Lawrence ( × ) and total Northwest Atlantic ( ). Fig. 4 . Estimated prey consumption by harp seals in southern waters (Newfoundland and the Gulf of St. Lawrence) using initial ( ) and alternate parameters for lower population ( ) and energy requirements of juveniles ( × ), and higher estimates of activity factor (2.5, v), and residency period ∆ . See Table 9 for a description of the parameters used.
with higher pup mortality and a lower overall population of 4.5 million (Shelton et al., 1996) decreased the estimate of consumption in southern waters during 1994 by 12% from 3.7 million tons to 3.3 million (Fig. 4, Table 9 ). Similarly, replacing the estimates of the increased energy requirement of juveniles obtained from Øritsland and Markussen (1990) with the lower estimates of Olesiuk (1993) resulted in a reduction of 7% in the consumption (Fig. 4, Table 9 ). Increasing the time during which seals are present in southern waters slightly (one month or 14%) did not affect the estimate of overall consumption but did increase the estimate of consumption in the Gulf of St. Lawrence and Newfoundland by 12% (Fig. 4, Table 9 ).
Atlantic Cod Consumption
Consumption of Atlantic cod in the Gulf of St. Lawrence was estimated to have increased from 28 000 tons in 1981 to 54 000 tons in 1994 (Fig. 5) . Because of the large variability in the diet samples, the 95% confidence limits were wide, ranging from 14 000 to 102 000 in 1994.
Using the average proportion of Atlantic cod in the diet, consumption off eastern Newfoundland increased from 46 000 to 88 000 tons between 1981 and 1994 (Fig. 6) . As in the Gulf of St. Lawrence, the variability in these estimates, indicated by the 95% confidence limits, was close to 50%, ranging from 46 000 to 140 000 in 1994.
A slightly different pattern of Atlantic cod consumption in eastern Newfoundland was obtained when annual, seasonal and geographic variations in the diet were included (Fig. 6) . Although estimates of consumption in individual years varied greatly, an apparent trend towards increased consumption of cod was present. From 1981 to 1988, consumption was similar to that predicted using the average diet. However, since 1989 these estimates were generally greater than those obtained using the average. For two years (1990 and 1992) the estimated consumption was slightly above the upper 95% confidence intervals. The proportion of cod in the diet for both of these years was derived directly from reconstructed weights and not approximated from prevalence data.
Capelin Consumption
Estimates of total consumption of capelin in the Gulf of St. Lawrence increased from approximately 230 000 tons in 1981 to almost 445 000 tons (95% C.I. 208 000-727 000) in 1994 (Fig. 7) . In Newfoundland waters, it rose from slightly over 321 000 t o n s t o 6 2 0 0 0 0 t o n s ( 9 5 % C . I . 2 8 8 0 0 0 -1.0 million) between 1981 and 1994 (Fig. 8) .
Estimating annual capelin consumption incorporating seasonal and geographic effects on the diet, indicated that Newfoundland harp seals consumed large amounts of capelin in the early-1980s (e.g. over 850 000 tons in 1982), but that consumption declined by 1986 to approximately 450 000 tons. During the late-1980s and early-1990s capelin consumption fluctuated around 600 000 tons (Fig. 8) .
Arctic Cod Consumption
Relatively small amounts of Arctic cod were consumed by harp seals in the Gulf of St. Lawrence (Fig. 9) , as expected based on the distribution of this Arctic fish. Consumption varied from 10 000 tons in 1981 to 20 000 tons in 1994. However, the variance associated with these estimates was large, ranging from zero (0) to 48 000 tons in 1994. More Arctic cod were consumed in eastern Newfoundland waters than either of the other two fish species. An estimated 1.2 million tons (95% C.I. 73 000-1.7 million tons) were consumed in 1994. This was an increase of over 90% since 1981 (Fig. 10 ).
Annual proportions of Arctic cod in the diet varied such that model estimates of consumption were low in the early 1980s (e.g. 45 000 tons in 1982), but increased to over 840 000 tons in 1986 (Fig. 10) . Consumption was estimated to have remained over 600 000 tons since the mid-1980s.
Discussion
This study presents preliminary estimates of total prey consumption by harp seals in the Northwest Atlantic and the amount of Atlantic cod, capelin and Arctic cod consumed in the Gulf of St. Lawrence and the waters of eastern Newfoundland. These estimates are based on the assumptions that: numbers-at-age can be determined from the population model described in Shelton et al. (1996) ; energy requirements are adequately estimated by the simple energy budget described; the amount of prey consumed equals the energy requirements of the population; information on the seasonal distribution of animals is described by the distributions assumed in the model ( Table 1 ); and that the stomach samples (Tables 4-6) accurately reflect the proportion of each prey species in harp seal diet.
The estimates of population size used in this model were obtained from a population model incorporating age-specific reproductive rates and catches, together with independent estimates of pup production (Shelton et al., 1996) . The estimates of the size and age structure of the population during the time period of this study depend upon the rate of pup mortality assumed in the model. Assuming that mortality is constant for all ages resulted in an estimate of 4.8 million (95% C.I. 4.1-5.4; Warren et al., 1997) harp seals in 1994. However, if the mortality of pups is greater than that of older seals (e.g. 3 times), the point estimate may be as low as 4.5 million (Shelton et al., 1996) . Although this represents a change in abundance of only 7%, the change in age structure of the population resulted in a 12% change in consumption.
The model is also sensitive to the assumptions made when estimating the energy requirements of individuals and therefore, changes in any of the parameters used to estimate or scale the basal metabolic rate (BMR) directly affect estimates of total consumption. For example, if the increased energy required by juveniles is closer to that reported by Olesiuk (1993) than the values used by Øritsland and Markussen (1990) , the estimates of consumption will be reduced slightly (7%). Similarly, the energetic costs of activity (AF), which have been estimated to range from 1.7-3 BMR (Worthy, 1990), can have a large impact on these estimates. We used a conservative AF of 2. However, since this factor is a simple multiplier in the equation for energy requirements, altering this assumption could increase consumption by 50% (if adjusted to 3) or reduce it by 15% (if assumed to be as low as 1.7).
In this model, we used the average body mass for harp seals during April. However, seals undergo periods of weight gain to build up energy stores and subsequently lose weight during the breeding and moulting periods (Chabot et al., 1996) . Therefore, energy may be gained in one area or season and expended in another. In the Northwest Atlantic much of this weight gain appears to occur during the winter months while the weight loss occurs between March and May (Chabot et al., 1996) . April body weights, which are similar to those observed when seals arrive from the Arctic, are near the lowest for the period during which seals are present in the southern areas. Thus, the energy requirements may be underestimated for the winter period. Estimating energy requirements based upon monthly weights may be one way to correct for seasonal changes in body mass (Nilssen et al., MS 1997) . However, to do so requires samples from throughout the year or assumptions about weights in months for which there are no data.
Energy requirements in individual years may also differ from those estimated using body mass based upon collections made over a number of years. The data used in this study combine samples collected between 1979 and 1994. In recent years, however, mass at a given age is lower than in earlier in the time period (Chabot et al., 1996) which would result in slight overestimates of recent consumption.
In this study a relatively simple energy budget model was used to estimate individual energy requirements. Intuitively, a complex model incorporating seasonal changes in body mass and the costs of reproduction in energy requirements would appear to be more appropriate. However, a complex model requires estimation of additional parameters that may result in unpredictable interactions. Also, each additional parameter has an associated error that may reduce the precision of the model substantially. Recent studies indicate that although the energy costs of reproduction may be high for breeding females, these costs increase total energy requirements of the population by only 5% (Olesiuk, 1993; Hammill and Mohn, MS 1994) . Hammill and Mohn (MS 1994) found little difference between estimates of Atlantic cod consumption by grey seals using either a simple or more complex energy budget model. Overall, our estimates of annual per capita energy requirements are intermediate to values estimated previously for harp seals by Lavigne et al. (1985) and Markussen and Øritsland (1991) using more detailed energy budget models.
Estimating consumption based upon the amount of energy required assumes that all of the energy requirements of the predator are met. If this does not occur, the amount of prey consumed will be overestimated. The extremely poor condition of Barents Sea harp seals caught in gill nets along the Norwegian coast in 1988 suggests that they did not meet their energy requirements. The poor condition of Northwest Atlantic harp seals in recent years (Chabot et al., 1996) may also indicate that they are not obtaining sufficient energy in some years.
Consumption of individual species is estimated as a proportion of the total consumption. Therefore, any changes in parameters affecting total consumption such as population size or energy requirements, will result in proportional changes in species consumption estimates.
Although estimates of consumption are sensitive to assumptions of population size and energy requirements, the potential range of changes in these parameters can be estimated using available data. Unfortunately, the uncertainty associated with the seasonal distribution of harp seals is more difficult to determine. The proportion of energy seals obtained from each geographical area was based on a distribution pattern derived primarily from anecdotal information and tag returns. This information may be biased since tag returns and sightings are more common in populated coastal areas or in areas with a tradition of seal hunting than in areas such as open, offshore waters. In addition, such information is difficult to quantify and does not provide insights into the offshore distribution of animals outside of the whelping and moulting periods. Fisher (1955) reported that the southward migration of harp seals may have been later in the 1950s than in the early-1920s. In contrast, there have been a number of anecdotal reports indicating that harp seals have migrated southward earlier in recent years and remained longer (Stenson and Kavanagh, 1993; Stenson et al., NWAFC, St. John's, Canada, unpubl. data) . Such changes will affect any estimates of consumption by increasing (or reducing) the proportion of energy obtained in southern waters.
Modifying the relative distribution of harp seals between eastern Newfoundland and the Gulf of St. L a w r e n c e a r e a w i l l e ff e c t o u r e s t i m a t e s o f consumption due to the geographical differences in the proportion of each species in the diet. For example, if additional energy is obtained from the Gulf of St. Lawrence, the higher proportion of cod and capelin in the diet would increase consumption estimates for these species while reducing that of Arctic cod.
The deployment of satellite transmitters provides one approach in which the distribution of seals can be examined in detail. Preliminary results from a study of the movements of 21 harp seals off eastern Newfoundland (Stenson and Sjare, MS 1997) indicate that the residency period (212 days) and variance (1 month) used in this model are reasonable. Data from these seals may also provide some indication of the relative importance of offshore and nearshore areas. However, similar information on the movements of harp seals in the Gulf of St. Lawrence are still required to quantify the distribution of harp seals throughout the year.
In order to estimate the consumption of individual prey species, it is necessary to assume that the diet of the population is adequately described by the stomach samples available. Information on the diet composition of harp seals in the Gulf of St. Lawrence was limited to a few samples in the upper St. Lawrence Estuary, the Magdalen Islands during the breeding period, and the southwest and west coasts of Newfoundland. These samples from Newfoundland suggest that cod form an important component of the harp seal diet, while the remaining samples from the Gulf of St. Lawrence indicate that insignificant quantities of cod are consumed. By using an average diet for Gulf of St. Lawrence harp seals, we assumed that the amount of energy obtained in these different areas is proportional to the number of areas sampled. For example, if the Gulf of St. Lawrence harp seals spend the majority of their time in the estuary, the estimates of cod consumption will be too large, but if they spend more time near the Newfoundland coast, they will be underestimates. More information is required on what proportion of the population is found along the west coast of Newfoundland, in the central Gulf, or in the estuary, and the amount of time these animals spend in each of these areas.
The diet information available for harp seals in eastern Newfoundland waters was much more extensive and indicated that there was considerable variation in the diet among years, seasons and geographical areas. Because the 'average' diet was based upon the mean of the 14 samples available, it was heavily weighted towards nearshore samples in recent years . In contrast, the annual estimates incorporate each of the diets separately, weighted by season and the assumed nearshore/offshore distribution. This accounted for the differences observed between the consumption estimates using the two methods. Since the nearshore samples used for the 'average' diet contained higher proportions of Arctic cod and less capelin than the offshore samples, the estimates obtained using the average diet indicate that less capelin and more Arctic cod was consumed than those obtained using the annual estimates. Also, the higher proportion of capelin and less Arctic cod in the diet samples collected in the early-1980s than those from the 1990s suggest trends in consumption that are masked by using diet information averaged over several years.
In the absence of information on the relative distribution of harp seals we assumed that the proportion of energy obtained from areas represented by the nearshore and offshore diets were equal. Changes in this assumption will affect the estimates of consumption of some prey species significantly. For example, if the proportion of energy obtained by harp seals in the offshore was decreased from 50% to 30%, estimates of Atlantic cod consumption in 1993 would decrease by approximately 17%, while the estimate of capelin would decrease by 32%, and Arctic cod would increase by over 38% due to the different diets observed in these two areas.
Estimated wet weights of prey ingested were not available for all years used in this study. The proportion of each prey species in the diet estimated using the regressions provides only rough approximations of the diet for years when only prevalence measures were available. Complete reconstruction of the diet in these years or better statistical methods of estimating the proportion of the diet accounted for by each species in years for which only prevalence data are available, are necessary to determine if the estimates used here are appropriate.
The consumption estimates presented in this paper were restricted to a period (1981-94) for which there were reasonable data available on the diet of harp seals. It is possible to extrapolate back to 1955 when the population model begins, but this would require assumptions concerning the nature of the diet in earlier years. Given the variation observed over the time period of this model, this may not be appropriate. To determine the impact of harp seal predation on commercial fish species, estimates of recent consumption are the most important, and is the time period for which we have the best data. Predicting future levels of consumption is also difficult. The current rate of population growth may not be applicable if the recently observed reductions in reproductive rates continue and significant changes in the harvest levels of harp seals occur. Therefore, periodic estimates of pup production and monitoring of reproductive rates will be necessary in order to determine future population size. Also, the decline of capelin in the nearshore diet observed in the mid-1980s and recent increase in the importance of herring in the diet , illustrate the need to monitor diets on a regular basis in order to estimate the consumption of specific species.
By altering the basic parameters used in the model by fixed amounts, we were able to show the sensitivity of the consumption estimates to input assumptions. Although this provides us with an indication of the variability that occurs, the only source of uncertainty incorporated in these estimates is related to variation in the diet. To provide a more realistic estimate of the uncertainty associated with this model, error associated with estimating all of the parameters should be included. Shelton et al. (1997) presents a stochastic approach to quantifying the overall uncertainty associated with all of the parameters using Monte Carlo simulations.
Within the context of the above discussion, consumption of fish off eastern Newfoundland by harp seals has increased since 1981 and was estimated to be in the order of 1.2 million tons (95% C.I. 735 000-1.7 million) of Arctic cod, 620 000 tons (95% C.I. 288 000-1.0 million) of capelin, and 88 000 tons (95% C.I. 46 000-140 000) of Atlantic cod in 1994. In the Gulf, harp seals consumed an estimated 445 000 tons (95% C.I. 208 000-727 000) of capelin, 20 000 tons (95% C.I. 0-48 000) of Arctic cod, and 54 000 tons (95% C.I. 14 000-102 000) of Atlantic cod during 1994. The majority of the fish consumed by harp seals are 1 020 cm in length . These would be primarily juvenile Atlantic cod (1 and 2 year old) that are not recruited into the commercial fishery. The majority of capelin in this size range would be 1 and 2 year olds, but some 3 year olds which are taken by the commercial capelin fishery may be eaten by harp seals.
Attempts to assess the impact of harp seals on Atlantic cod stocks are beyond the scope of this paper. However, this study does indicate that harp seals may be a significant source of mortality for juvenile Atlantic cod, and an important predator on cod prey species. However, until our knowledge of the seasonal distribution of harp seals and annual, geographic, and seasonal variations in the diet are improved, these estimates should be considered preliminary and used with caution. In addition, the uncertainty associated with all of the parameters should be incorporated into the model in order to provide realistic estimates of consumption.
